Nanowater (NW; water declusterized in the low-temperature plasma reactor) has specific physicochemical properties that could increase semen viability after freezing and hence fertility after artificial insemination (AI) procedures. The main goal of this study was to evaluate ram semen quality after freezing in the media containing NW. Ejaculates from 10 rams were divided into two equal parts, diluted in a commercially available semen extender (Triladyl Õ ; MiniTü b GmbH, Tiefenbach, Germany) prepared with deionized water (DW) or NW, and then frozen in liquid nitrogen. Semen samples were examined for sperm motility and morphology using the sperm class analyzer system and light microscopy. Cryo-scanning electron microscopy (cryo-SEM) was employed to determine the size of extracellular water crystals in frozen semen samples. Survival time at room temperature, aspartate aminotransferase (AspAT) and alkaline phosphatase (ALP) concentrations post-thawing as well as conception/lambing rates after laparoscopic intrauterine AI of 120 ewes were also determined. There were no significant differences between DW and NW groups in sperm progressive motility (26.4 AE 12.2 and 30.8 AE 12.4%) or survival time (266.6 AE 61.3 and 270.9 AE 76.7 min) after thawing and no differences in the percentages of spermatozoa with various morphological defects before or after freezing. There were, however, differences (P < 0.05) in AspAT (DW: 187.1 AE 160.4 vs. NW: 152.7 AE 118.3 U/l) and ALP concentrations (DW: 2198.3 AE 1810.5 vs. NW: 1612.1 AE 1144.8 U/l) in semen samples post-thawing. Extracellular water crystals were larger (P < 0.05) in ejaculates frozen in NW-containing media. Ultrasonographic examinations on day 40 post-AI revealed higher (P < 0.05) conception rates in ewes inseminated with NW (78.3%) compared with DW semen (58.3%), and the percentages of ewes that carried lambs to term were 73.3% and 45.0% in NW and DW groups, respectively (P < 0.01). In summary, the use of a semen extender prepared with NW was associated with a substantial improvement in the fertilizing ability of frozen-thawed ram semen and lamb productivity of inseminated ewes.
Introduction
Cryopreservation is a common and cost-effective method of mammalian gamete storage. 1, 2 In a vast majority of human andrological cases, the primary indications for semen freezing and banking revolve around various medical conditions and environmental hazards ( Figure 1) . Alternatively, the propagation of and/or salvaging valuable genetics are the main grounds for semen cryopreservation in animal husbandry (for subsequent use in female-only commercial operations) and conservation programs ( Figure 1) . To mention but a few specific considerations for semen freezing: (i) oncologists estimate that nearly 30% of their male patients choose to freeze their sperm; 3 (ii) in dairy cattle, approximately a fifth of the breedable female population in the world is now bred by artificial insemination (AI) using frozen semen; 4 (iii) although semen banking is only effective in exotic species whose reproductive biology has been well-characterized, already at the end of the last decade, European cryo-spermbanks stored semen samples from more than 40 endangered mammalian species including elephants, giant pandas, wild felids, and primates. 5 In spite of the differences between humans and animal species in the application of semen cryopreservation, maintaining high sperm viability after deep freezing invariably remains a major goal in assisted reproductive technologies (ARTs). Semen freezing procedures cause adverse changes in sperm structure and function. The percentage of motile sperm amount and velocity are significantly reduced after thawing, 6 and overall sperm viability can be decreased by even 50% of initial (pre-freezing) values. 7 Irreversible damage to the sperm occurs during both the freezing and thawing processes. 8 Cooling appears to be the major stressor inflicted on spermatozoon cytoplasmic membranes and causes phospholipid re-orientation into a different configuration; 7 this is the main reason for the addition of cryoprotectants to semen extenders. However, cytotoxic properties of some cryoprotectants that become manifest immediately after thawing may cause further damage to the sperm. Because of the low success rate of AI using frozenthawed semen, it had been recommended in the past that only semen samples with high sperm counts and progressive motility be stored and used. Although the current efficiency of in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) make cryopreservation of all samples containing any amount of live sperm appropriate, the effectiveness of AI still relies on satisfactory sperm parameters in whole inseminate doses after freezing. There has been intensive research aimed to ameliorate cryopreservation techniques currently used by manipulating the cooling/freezing rates 9 and chemical composition of semen extenders. 10 Andrabi 11 concluded that even under the most optimal conditions, it was inevitable that some damage would occur to semen during the freezing procedures. Clearly, the need to improve cryopreservation protocols still exists. Ram semen freezability is lower compared with that of other mammalian species, and so a considerably higher number of sperm are required for a dose of inseminate. 2 As ram semen has very low cryotolerance/ cryosurvival rates, it lends itself as an ideal experimental model for studying various aspects of semen freezing.
Water subjected to cold plasma treatment (a.k.a. declusterization) is termed nanowater (NW). [12] [13] [14] [15] During this procedure, water molecules that under normal conditions form aggregates (clusters) of up to 1000 are broken down into single molecules measuring 1 nM each. 15, 16 NW is characterized by low viscosity, high diffusivity, and very low Figure 1 General summary of major reasons for semen cryopreservation in medical and agricultural/veterinary practices. A size of the circles in the last two columns denotes a relative significance of various factors, with the largest circle signifying: ''highly important and frequently used'', medium-sized: ''confined to specific situations with less widespread application(s)''; and a small one: ''marginal/infrequent use.'' This synopsis was based largely on references Walters et al. 1 and FAO 2 density. 12, 15 It also has a low dielectric constant allowing it to dissolve even non-polar compounds (i.e., lipids) into solution; in fact, NW dissolves 35-40% more substances than the same volume of normal water. 12, 15 It also raises the solubility of gases and salts by $50%, making it possible to obtain highly concentrated solutions. 12, 15 NW is therefore more efficient a carrier of nutrients and inorganic constituents than ordinary water. 12, 15 In addition, it possesses antimicrobial properties. 12, 17, 18 Consequently, NW is suitable as a substitute for organic solvents in a broad range of industrial and laboratory applications. Lastly, the water treated in low-temperature plasma reactors freezes at À67 C and has a zero coefficient of thermal expansion at freezing; 12,15 these properties of NW may potentially reduce the incidence of structural damage occurring during cryopreservation of gametes.
In light of these considerations, the main objective of the present study was to evaluate ram semen quality after freezing in the medium diluted in NW. We hypothesized that specific physicochemical properties of NW would significantly increase the viability of frozen-thawed ram semen leading to improved conception and lambing rates in artificially inseminated ewes.
Materials and methods

Animals
All experimental procedures performed on live animals were approved by the local animal care committees. The present study utilized three PON (Polska Owca Nizinna or Polish Lowland Sheep) and four BCP (synthetic breed: Berrichon Â Charolaise Â PON) rams that had been trained to ejaculate into an artificial vagina and 120 multiparous BCP ewes housed in the field research station of the Department of Sheep and Goat Breeding (University of Life Sciences in Lublin) situated in Bezek, Poland (latitude: 51 12'48"N; longitude: 23 16'46"E). Animals were aged 4 to 12 years, clinically healthy and in a good overall condition (body condition score of 2-3 on a scale from 1 to 5). 19 The lifetime parity of ewes averaged six lambs. During the summer, all animals had unlimited access to pasture, and in the winter, they remained indoors and received daily maintenance ratios of hay (0.3 kg/animal/day) and hay-silage (4 kg/animal/day), and water ad libitum. Additionally, after shearing (ewes and rams), eight weeks before the expected lambing and during pregnancy and lactation (ewes), the animals received 15-30 dag of concentrate/ day (75% oats, 20% barley, and 5% rapeseed meal).
Semen collection, evaluation and processing
Semen was collected into a pre-warmed ($30 C) artificial vagina. Two types of extenders were prepared for semen freezing by mixing commercially available Triladyl Õ (MiniTü b GmbH; Tiefenbach, Germany) with deionized water (DW; Aqua Purificata Õ ; Prolab, Gliwice, Poland) or NW (obtained through the treatment of DW in a cold plasma generator; Nantes Nanotechnology Systems, Boleslawiec, Poland) and Gallus domesticus egg yolk in 1:3:1 (vol/vol/vol) proportion, respectively. Ejaculates from all rams were divided into two equal parts and, after being diluted in the extender prepared in either DW or NW to a final concentration of 400 Â 10 6 spermatozoa/mL, placed in 0.25-cc plastic straws (Rovers, Piaseczno, Poland) and then frozen using the following protocol: an initial 30-min cooling to 20 C followed by equilibration for 120 min to 4 C, both performed in a walk-in freezer; further equilibration in liquid nitrogen fumes (À120 C) for 10 min; and plunging in liquid nitrogen (À196 C) before placing the straws into plastic goblets arranged in a liquid nitrogen container.
Before freezing, semen samples were evaluated for sperm concentration, progressive motility and morphology. The percentage of motile spermatozoa was determined using a Nikon Eclipse 80i microscope (Nikon Corp., Tokyo, Japan) at 200 Â image magnification on a warm glass slide ($37 C). The amounts of normal and aberrant spermatozoa were estimated according to the classification developed by Blom 20 at 1000 Â magnification using an eosin-nigrosine staining and a bright view field (Table 1) . Briefly, histological smears were analyzed for sperm morphological defects including abnormal or detached heads, abnormal mid-pieces and tails, and distal and proximal cytoplasmic droplets. For each semen sample, 200 spermatozoa were evaluated under oil immersion.
Approximately six months later, the samples were thawed and examined for sperm motility and morphology using the Sperm Class Analyzer (SCA) ver. 5.0 (Microoptic Õ Automatic Diagnostic Systems, Barcelona, Spain) and a Nikon Eclipse 80i microscope. Survival time of spermatozoa at room temperature as well as aspartate aminotransferase (AspAT) and alkaline phosphatase (ALP) concentrations in semen plasma were also determined. For microscopic examination, slides with semen smears were stained using the Sperm Blue kit (Microoptic SL Co., Barcelona, Spain). All samples were processed for staining within 1 h after thawing. The specimens were photographed and images captured digitally using the SCA Õ CASA System. AspAT and ALP concentrations in thawed ejaculates were determined by a method based on the recommendations of the International Federation of Clinical Chemistry. The laboratory analyzes utilized a biochemical analyzer Vitros (Ortho Clinical Diagnostics, High Wycombe, UK) and were performed at 37 C. The analytical method used was based on the ''dry slide technology'' employing the thin film diagnostic laminae (ALP: Abbott Laboratories Poland Ltd., Warsaw, Poland; and AspAT: DiaLab Laboratoria Medyczne, Wroclaw, Poland). Enzyme quantities were determined by the kinetic UV method using direct potentiometry, which utilizes ion-selective electrode modules for electrolyte analysis without sample dilution. 21 A specific chemical reaction in ALP concentration measurement is given below.
AspAT assays were based on keto acids transamination from 2,4-double nitrophenylohydrazine; AspAT catalyzes the reversible reaction of L-aspartate as detailed below:
L-aspartate þ 2-oxygtlutate!L-glutamate þ oxaloacetate
Scanning electron microscopy and image analyses
Scanning electron microscopy (SEM) examinations in the present experiment were performed to indirectly assess the size of extracellular ice crystals forming in the frozen semen samples. Cryo-scanning electron microscopy (cryo-SEM) is a technique that permits the assessment of the fully hydrated ultrastructure of sperm samples in the frozen state without the introduction of artefacts caused by thawing, chemical fixation or other types of sample processing. Therefore, this method also allows for visualization of the topography of the sample, including the distribution and size of the water crystals forming during the initial freezing process. Plastic straws with semen were broken manually inside the liquid nitrogen tank, following which the plastic sheath was removed and a cylindrical frozen semen sample mounted on a mechanical grip holder of the LEO SEM 1430 VP microscope (Zeiss Inc., Jena, Germany) equipped with the energy dispersive X-ray (EDX) detector system. The settings of an electron microprobe were as follows: 20-kV, 80-mA beam current, and vacuum (10 À5 Pa Â mF) maintained throughout the entire observation period. The approximate depth of the electron beam penetration in the samples studied was $1 mm. Selected images (n ¼ 24) at 2500 Â to 12000 Â magnification were photographed ( Figure 2 ) and saved as digital graphic files. Finally, the average size (area) of the micro-compartments corresponding to the water crystals within the frozen semen sample was computed using the ImageProPlus Õ analytical software (Media Cybernetics, San Diego, CA, USA).
Laparoscopic insemination
Fertility after laparoscopic AI using semen samples collected from BCP rams was determined in a commercial flock of 120 BCP ewes. Estrous cycle was synchronized in August with intravaginal sponges containing 30 mg of fluorogestone acetate (Chronogest Õ ; MSD Animal Health, Boxmeer, Holland) that were left in place for 14 days. All ewes were injected with 500 IU of equine chorionic gonadotropin i.m. (Folligon Õ ; Intervet Int., Warsaw, Poland) at the time of sponge removal. Two days later, the ewes underwent laparoscopic AI. Animals were food-deprived and had restricted access to water for 16 h before the procedure, which was performed under general anesthesia induced 15 min before insemination (Sedazin: 0.4 mL i.m., containing 20 mg of xylazine/mL; Biowet, Pulawy, Poland). Ewes were then placed in a dorsal recumbency in a custom-made laparoscopy rack. The abdominal region was prepared by shearing the wool and disinfecting the skin with 70% ethanol. The ewes' hindquarters were lifted up to an approximate 45 angle. An experienced operator used the trocar to make two punctures in the abdominal wall for insertion of a laparoscope and a fiberoptic light source (Karl Storz-Endoskope GmbH & Co. KG, Tuttlingen, Germany). This was preceded by a locally applied analgesia (1.5 mL of 5% polocaine þ 0.05% adrenaline s.c.; Biowet, Drwalew, Poland). The abdominal cavity was distended with carbon dioxide to help visualize the uterus and separate it from the abdominal wall. Subsequently, an inseminator placed a pipette containing a semen dose through a laparoscope puncture site and deposited semen into the lumen of both uterine horns.
Ultrasonographic pregnancy detection and lambing
The pregnancy rate was confirmed 40 days after AI by transabdominal ultrasonography using an Aloka ProSound 2 scanner (Hitachi Aloka Medical Co., Tokyo, Japan) connected to a hand-held 5-MHz linear-array probe. Sheep were examined in a standing position, restrained by a member of the station personnel. The number, sex, and birth weight of lambs were recorded at natural (non-synchronized) lambing that took place in the month of January.
Statistical analyses
All single time point observations were compared between the two groups of animals by Student t-test using the SigmaPlot Õ for Windows Õ statistical software (ver. 11.0; Systat Software Inc., Richmond, CA, USA). Chi-squared test (Brendt and Snedecor formula) was used for the analysis of proportions. All results are given as mean AE SD. P value < 0.05 was considered statistically significant.
Results
Semen evaluation and cryo-SEM
The mean volume of ejaculate measured directly in a calibrated collection flask was 2.3 AE 1.1 mL with 4.7 AE 1.4 Â 10 9 /mL spermatozoa. The progressive motility of freshly obtained semen was 87.1 AE 4.7%. There were no significant differences between the two types of extenders used in the proportion of spermatozoa with various morphological defects detected before freezing (Table 1 ).
There were no differences (P > 0.05) between DW and NW groups in terms of sperm progressive motility (26.4 AE 12.2 vs. 30.8 AE 12.4%, respectively) and survival time (266.6 AE 61.3 vs. 270.9 AE 76.7 min, respectively) after thawing. No signs of swelling were observed, and the acrosome stained dark blue, whereas the postacrosomal region stained pale blue. Only numerical differences in the percentage of spermatozoa with various structural abnormalities were observed (P > 0.05; Table 1 ). There were, however, significant differences between the two types of 
Conception and lambing rates, lamb characteristics
Ultrasonographic examinations conducted on day 40 post-AI revealed higher (P < 0.05) conception rates in ewes inseminated with NW (n ¼ 60) compared to DW group (n ¼ 60) semen (78.3 and 58.3%, respectively). The percentages of ewes that carried lambs to term were 73.3 and 45.0% in NW and DW groups, respectively (P < 0.01). There were no significant differences between the two groups in the mean number of lambs per ewe (1.9 AE 0.7 vs. 1.9 AE 0.9), sex ratio (58.6 AE 39.9 vs. 60.6 AE 37.7%; expressed as a proportion of ram lambs), and weight of lambs (4.0 AE 0.9 vs. 4.0 AE 1.0 kg; DW vs. NW groups, respectively) recorded at lambing.
Discussion
Ram semen is considerably more difficult to freeze than semen of other mammalian species and ejaculates from 5-10% of rams simply do not freeze successfully with currently available techniques and extenders. 22 Although a relatively high proportion of ram spermatozoa retain their motility after freezing, only about 20-30% remain biologically functional. 8 Salamon and Maxwell 8 observed that the freezing-thawing processes reduced motility to a lesser degree than structural integrity of ram spermatozoa, suggesting that the plasma and acrosome membranes are more vulnerable than the parts of the spermatozoon involved in locomotion (i.e., mid-piece and tail). Our present results are in contrast with those observations; differences in the proportions of spermatozoa with various morphological defects were only numerical, but there was a 60% reduction in sperm progressive motility post-thawing. This would suggest that undesirable changes in ram sperm motility after freezing are caused mainly by ultrastructural (i.e., undetectable using light microscopy) and biochemical alterations.
In the present study, the Triladyl Õ (Tris-based) semen extender diluted in NW provided beneficial effects on sperm fertilizing ability but not motility or survival time of the spermatozoa subjected to the freezing procedure. The cryoprotective properties of semen extenders are due chiefly to their chemical composition and interactions among the various components. 23 NW possesses specific physicochemical properties that may result in improved delivery of biologically active substances across biological membranes. Moreover, the present cryo-SEM results revealed that the amount of extracellular water crystals was decreased in frozen semen samples diluted in an NW-containing extender. When tissues or cell suspensions are cooled slowly, water migrates out of cells and forms ice crystals in the extracellular space; too much extracellular ice can cause mechanical damage to cell membranes due to crushing. 2 It is attractive to speculate that a combination of a greater diffusivity and lower crystallization rate of NW as compared with DW ameliorated ram semen viability in this study.
AspAT is an intracellular enzyme 24 whose abundance and activity primarily reflect the damage occurring in the mid-piece area of the spermatozoon; 25 this is because AspAT is permanently bound to the sperm mid-piece membranes and particularly to the mitochondrial membranes. 26 Alkalaine phosphatase (ALP) in turn is a dephosphorylating enzyme involved in glycolytic reactions. 27 Semen requires metabolic energy generated by mitochondria from mid-piece ATP to sustain motility. 28 Approximately 20% lower concentrations of ALP and AspAT in the plasma of semen diluted in NW may indicate significantly enhanced stability of the plasma and mitochondrial membranes. 29 Most mammalian species show a reduction in fertility after insemination with frozen-thawed semen, which is thought to be associated mainly with the reduced sperm motility, thereby requiring an increase in the number of sperm per inseminate necessary to achieve reasonable conception rates. 30 Sperm progressive motility is directly correlated with fertility, whereas the proportion of abnormal spermatozoa is inversely related to fertility of animals inseminated with the frozen-thawed semen. 31 However, a spermatozoon may be motile, but damaged, in which case it is unlikely that such a cell will fuse with the oocyte and fertilize it; damage can be ultrastructural, biochemical, and/or functional. 8 Frozen ram semen can be expected to result in conception rates of 65% when using laparoscopic intrauterine AI, 22 but the outcomes are highly variable depending on the animals' health status, inseminator's skills, and several other intrinsic and extrinsic factors. 32 In the present fertility trial, the ewes inseminated with ram semen prepared with NW exceeded their counterparts inseminated with semen diluted in DW in conception rates by 20%. This difference appears to reflect the results of AspAT and ALP analyses rather than the percentages of abnormal spermatozoa and sperm motility post-thawing. Therefore, the fertility outcome after laparoscopic AI using frozenthawed ram semen, within the concentrations used in this study, may be predominantly dependent on, and potentially predicted from, semen biochemical indices and functional viability rather than the percentage of abnormal spermatozoa detected by microscopy and their motility.
Another intriguing observation in the present study was the fact that the difference in the lambing rate between the two subsets of ewes studied approached to 30%, which was a consequence of increased pregnancy losses in DW group after day 40 of gestation (5 vs. 13 .3% for the NW and DW groups, respectively; P < 0.05). In healthy flocks of sheep, fetal losses after pregnancy diagnosis is performed are usually <2%, but some losses may occur even in healthy ewes, with a higher level observed in more prolific genotypes. 33 Causes are most often infectious but may also be nutritional deficiencies or toxins. 33 Among the most commonly diagnosed causes of abortion are iodine deficiency, selenium deficiency and some plant toxins (e.g., locoweed). 33 All of these factors can be ruled out in the present situation. Stress and/or trauma due to restraint during pregnancy detection may have potentially caused fetal losses in the ewes of the present study, 29 but it is rather unlikely as the percentage of losses was significantly greater in the DW than NW group even though all animals were handled in the same manner. Therefore, genetic causes that in humans account for 5-15% of abortions 34 cannot be ruled out. Although in naturally breeding sheep, the dam's genetic ability to sustain pregnancy has 5.5 times the effect of the embryo's ability to survive (and the sire of the embryo only affects the embryo quality), 35 these influences may change after an application of ARTs. It is possible that the exposure of ram semen to NW improved overall viability of frozenthawed ram semen resulting in fewer genetic abnormalities (e.g., aneuploidies) and greater rates of embryonic/fetal survival in inseminated ewes. As this is only a speculation, that particular aspect warrants further studies.
We concluded that the use of a semen extender prepared with NW was associated with a substantial improvement in the fertilizing ability of frozen-thawed ram semen and reduction in fetal losses following laparoscopic AI of ewes. NW appears to exert beneficial cyto-and cryoprotective effects and, albeit the specific mechanisms of these effects remain to be elucidated, it can be recommended for semen freezing. It is anticipated that the use of semen diluents prepared with NW may facilitate the reduction in the number of sperm per inseminate dose without any deleterious effects on fertility and embryonic/fetal development after AI in mammals.
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